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Abstract: Measurement techniques based on optics, with the characteristics of noninvasive or 
non-destructive detection and high accuracy, offer excellent properties for application in 
various scenarios. Skin-like optical devices capable of deforming with human skin play major 
roles in future biomedical applications such as clinical diagnostics or biological healthcare. 
Unlike traditional rigid devices, the skin-like optical device is conformal to the skin because 
of the flexibility and stretchability. However, the detected signals based on light intensity are 
very sensitive to the light path. As a result, the accuracy and efficiency of the skin-like device 
will be influenced owing to deformation. In this work, for optimizing the design of the skin-
like optical device, we use the Monte Carlo method to investigate the light distribution after 
scattered and absorbed by a human tissue. Different parameters of light source and blood 
vessels are used to simulate the device and human tissue deformation respectively. The 
characteristics of the exited light are then summarized and analyzed to study the influence of 
the deformation. The simulation shows that the deformation of the device and human tissue 
will produce non-linear effects on the characteristics of the exited lights. Finally, we design 
and fabricate a skin-like device using the simulation results and use it to monitor 
photoplethysmogram signals. This work will aid in the design of skin-like optical devices in 
the future. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 
Measurement techniques [1–3] based on optics offer noninvasive detecting ability in different 
fields such as mechanical properties monitoring [4], medical healthcare [5,6] and surface 
topography [7,8]. Optical devices, composed of light-emitting and receiving elements, are 
widely applied to in-vitro human vital signs monitoring [9,10] and medical imaging system 
[11]. The physiological information measured by these optical devices play a key role in 
health assessment for daily life and clinical treatments. The optical device could allow for 
non-contact or noninvasive vital signs monitoring, which is highly desirable for using in 
clinical diagnosis and daily healthcare [12–14]. For example, the blood oxygen saturation can 
be measured by detecting the absorption of light by blood vessels and other tissue [15]. The 
principles of these optical devices depend on Beer-Lambert Law and spectral analysis. These 
devices are very sensitive and accurate owing to the application of optical monitoring. 

Skin-like devices [16–20] have received increasing attention in the last couple of decades 
because of the potential applications in healthcare [21–23] and clinical treatment [24]. Unlike 
traditional devices, skin-like devices have the capability of deformation while being mounted 
on the skin [25,26]. However, the accuracy of these devices is affected when the deformation 
changes the optical path. These distortions cannot be offset by precise back-end circuit 
because of the randomness and no-regularity. Furthermore, the deformation of the skin itself 
is also an important interference to vital signs monitoring. When the skin is squeezed or 
stretched, the tissues and blood vessels are forced to redistribute. Thus, the light scattering 
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and absorption by human tissues are changed. Therefore, the light path influenced by skin and 
tissue deformation needs to be evaluated when designing a skin-like optical device. In recent 
work, some theoretical research has been done on the light migration or scattering profile in 
human tissues [27–29]; however, no research focused on the influence of device and tissue 
deformation to detected signals. In conclusion, theoretical research of the relationship 
between light signals and device or skin deformations is highly desirable. 

For optimizing the designs of the skin-like optical device for human vital signs 
monitoring, we use the Monte Carlo (MC) simulation to investigate the distribution of exited 
light from the human tissue, including reflected and transmitted light. We change the 
characteristics of the incident light for simulating the device deformation, including incident 
angle, intensity and light source size. Then we set the different parameters of blood vessel for 
simulating the skin deformation, including vessel diameter, density and range. The optical 
path of the light propagation in tissue is calculated for different parameters of vessel or light 
source, and the distribution of the exited light is analyzed to optimize the design of the skin-
like device. Finally, we design and fabricate a skin-like optical device, and use it to monitor 
photoplethysmogram (PPG) signal. The research opens up new prospects for the design of 
optical devices, especially for skin-like or flexible optical devices. 

 

Fig. 1. Schematic diagram of the simulated two-dimensional (2D) model and the light path in 
the model. (a) Left: The vascular casting of human wrist. Right: the simulated 2D model of the 
cross-sectional view of wrist [30]. Blood vessels (red circles) with different sizes are randomly 
placed in a rectangular tissue (black area), while the light source is placed at the middle 
position of bottom. (b) One simulated light path in the model. (c) Zoom-in image of the 
rectangle area in the blood vessels, where red circles represent blood vessels. 

2. Model of the human blood vessels 
A two-dimensional (2D) model of human subcutaneous tissue for MC simulation is shown in 
Fig. 1. This subcutaneous model is set from a cross-sectional view of a real human tissue with 
random vessel distribution. This model is established with the reference to blood casting of 
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the human wrist, as shown in Fig. 1(a). Circular vessels with different diameters are randomly 
distributed in a rectangular tissue, which is similar to a plum pudding model. The entire 
model is 10-cm wide (x axis) and 2-cm thick (y axis), and the blood vessels are represented by 
circles with different diameters. A light source with 850 nm wavelength set at the coordinate 
position (0,0), as shown in Fig. 1(b). There are two reasons for picking 850 nm as the 
simulating light wavelength. First, light with 850-nm wavelength is easy to scatter by the 
components in the blood vessel [31]. Second, compared to the scattering and absorbing by the 
blood vessel, the other tissues have little influence on the light [32,33]. In the MC simulation, 
we set the intensity of one beam light as 1 and repeat to track the path of the photon in the 
tissue more than 10,000 times. During the light propagation, not only is the intensity of the 
light attenuated by the tissue or blood vessel absorption, but also the orientation of light 
propagation is changed by scattering effects of the tissue or blood vessel. In general, some 
light beams are reflected by the tissue, and they exit on the same side as the input light; other 
beams are transmitted through the tissue, and they exit at the opposite side of the input light. 

Table 1. Parameters used in the MC simulation 

Quantity Symbol Value Unit 

Constants in MC simulation    

Tissue absorption coefficient μat 0.001 cm−1 

Vessel absorption coefficient μvt 0.415 cm−1 

Tissue scattering coefficient μst 10 cm−1 

Vessel scattering coefficient μsv 360 cm−1 

Tissue anisotropy of scattering μsat 0.2  

Vessel anisotropy of scattering μsav 0.95  

Variates in MC simulation    

beam quantity n 1e3 – 2e4  

Light incident angle θ 0 – 45 degree 

Light source range  0 – 60 μm 

Light source size ls 0.1 – 1 mm 

Vessel diameter dv 10 – 90 μm 

Vessel density ρv 10 – 250 mm−2 

Vessel range σv 0 – 60 µm 

 
In this work, we repeat the MC simulation with different parameters of vessels and light 

source, and then investigate their influences on the characteristics of reflected and transmitted 
light. The variations in simulation include the parameters that will be changed by 
deformation, such as incident angle, range and vessel diameter. The other parameters which 
are independent of the deformation remain unchangeable, such as the absorbing coefficient of 
the blood vessel. All the parameters are listed in Table 1 [27,34]. Before the MC simulation, 
we make four assumptions about the light transmission in human tissue. First, the substances 
in the tissue or blood vessel are homogenous, which means that light is uniformly absorbed in 
the tissue or vessel. Second, all lights reaching the tissue begin as ballistic lights, and the 
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optical characteristics are unchanged during propagation in tissue. Third, the scattering of the 
light is anisotropic. Fourth, the interface of the tissue model will not influence the light 
propagation. The probability of scattering can be calculated by the scattering coefficient μ: 

 1 d
sP e μ−= −  (1) 

where d is the migrating distance. If the scattering occurs, the scattering angle is determined 
by s cos( )⋅ sμ , where sμ  and s are the anisotropy of scattering and the random number from 

group (−1,1), respectively. In each step of the migration, light intensity is attenuated by the 
tissue and vessels: 

 a
new oldI I e μ−=   (2) 

where the μa is the absorption coefficient. Combining the scattering and absorbing factors, the 
position and intensity of the light can be determined after each migration. Figure 1(c, d) show 
the propagation of one beam. The propagating orientation is changed by the scattering owing 
to the tissue and vessel. 

 

Fig. 2. (a) Cloud maps of the light intensity in human tissue. In red rectangle: the zoom-in map 
in the range of x(−25,25) with normalized intensity. The distribution of (b) Transmitted and (c) 
reflected light along the horizontal x axis. 

3. Modeling methods 
The simulation starts with the building of a subcutaneous model. First, we divided a 
rectangular box of 100 mm width and 20 mm height in a grid. This grid determines the 
density of the blood vessel. Then we created a circular blood vessel in each grid; the diameter 
of the blood vessel was no larger than the length or size of each grid. Blood vessels of 
different sizes can be generated by adding a random difference to the original diameter. The 
blood vessels and other tissues have different scattering and absorbing effects on light. So, 
within or without the blood vessel, different coefficients were used. Thus, we set up the 2D 
tissue model. 
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Each beam of light was generated within the section of the LED. The light beams were 
sequence emitted into the tissue with designed incident parameters. During the propagation of 
light transmission in the tissue, we judged the state of the beam propagation, including the 
propagating angle and intensity. The step length was 1 μm in the tissue and blood vessel, 
which means the beam parameters were calculated after 1 μm propagating length. We 
obtained the sum of the light intensities on the reflection and transmission sides per 500 μm 
width, and then smoothed the curve of intensity distribution with the polynomial fitting 
method. 

4. Simulation results 
We traced the propagation of 1e4 beams and marked the light intensity at each points in the 
subcutaneous tissue. The cloud map of the light intensity is shown in Fig. 2(a). The initial 
intensity of each beam is set as one. The light intensity at each point on the cloud map depend 
on the sum of light intensities at that position. The distribution of light intensity is 
independent of the parameters of the vessels and incident light. Most initial beams propagate 
along the y- axis, then disperse slowly at different orientation. Some light beams are absorbed 
by the subcutaneous tissue, and others exit at the transmission or reflection side. These 
transmitted and reflected light beams carry information of vital signs after interacting with the 
tissue and blood vessel. The characteristics of these light beams will be fully investigated in 
this work. Changes in vessel parameters will directly influence the light distribution in the 
tissue. The light intensity is more separated when the vessel density is 200 mm−2 (Fig. 2(a)), 
compared with our previous work with a density of 100 mm−2 [35]. 

The accuracy of the skin-like device is sensitive to the intensity of exited light. The 
maximum reflected or transmitted light beams are the optimal working points for high 
accuracy and sensitivity. When the skin suffers external stress such as squeezing or twisting, 
the density and diameter of the blood vessels will change. As a result, the characteristics of 
the exited light beams will be influenced. Figure 2(b, c) illustrate the typical intensity 
distribution of the reflected and transmitted light intensity. To measure the light intensity 
distributed along the x-axis, we divide the reflected and transmitted edge into 0.2-mm 
intervals, and measure the light intensities at each interval to obtain the distribution of the 
output lights. To investigate the maximum points of the exited light intensity, we used 
different methods to fit the counted distribution curves, including an adaptive smooth filter, 
cubic spline interpolation and polynomial fitting. Finally, the polynomial fitting method is 
chosen for the next analysis for the smoothness. Under the condition of vertical incidence into 
the tissue, both the curves of reflection and transmission are axisymmetric to the light 
incident position. The x-position of the maximum transmitted intensity is the same as the light 
source. There are two extreme points on the reflected curves, and their intensities are 
approximately the same. The influence of the skin or device deformation on these two curves 
will be comprehensively discussed below. 

In this work, we analyzed the relationship of the maximum exited light and tissue 
deformation, as shown in Fig. 3. We set the changeable characteristics of blood vessels to 
simulate the influence of tissue deformation. We repeated the simulation of light propagation 
with different diameters and densities of the blood vessels and summarized the characteristics 
of exited light intensity. The density and diameter were changed from 10 mm−2 to 250 mm−2 
and 5 μm to 50 μm, respectively. The position of maximum reflected light, which represents 
the x-direction distance from the center of the light source to the maximum exiting light, 
increases with lower vessel density and smaller vessel diameter, as shown in Fig. 3(a). It is 
important to note that the position change along with the vessel parameters is nonlinear. For 
example, the position increases slowly while the density is higher than 50 mm−2, while rapid 
growth appears when the density is lower than 50 mm−2. The trend of the change is similar to 
an exponential function. The maximum intensity of reflected light increases for higher vessel 
density and larger vessel diameter. The intensity change along with vessel parameters is 
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approximately linear, as shown in Fig. 3(b). The characteristics of maximum transmitted light 
are shown in Fig. 3(c, d). The position of transmitted light remains unchanged with different 
densities and diameters of vessel. The maximum transmitted intensity increases for lower 
vessel density and diameter. The change of intensity is also similar to an exponential function. 
In the simulation, the maximum reflected and transmitted intensities are approximately 80 
mm−2 and 500 mm−2, which appear at coordinates (8, 0) and (0, 0) respectively. The exited 
maximum photons are only in proportions of 0.8% and 5% of the incident lights, which 
implies that most of the photons are absorbed by the blood vessel and tissue. In conclusion, 
the quantities of blood vessel diameter and density will change the characteristics of the 
maximum exited light, and the relationship between the vessel and the exited light is 
nonlinear. 

 

Fig. 3. 3D color maps to show the relationship between maximum exited light and blood vessel 
parameters. The maximum (a) position and (b) intensity at the reflected side, and the maximum 
(c) position and (d) intensity at the transmitted side. 
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Fig. 4. The characteristics of maximum reflected and transmitted light at different diameter 
range. (a) Illustration of vessel distribution with different range of diameter. (b) The intensity 
and (c) x-position of the maximum exited light at different diameter range. 

The deformation of blood vessels is complex in a realistic tissue under external stress. For 
instance, the diameters of blood vessels will be rearranged under stress. To investigate the 
influence of the diameter’s range on exited light, we simulated the light propagation at 
different range of the diameter, as shown in Fig. 4. Figure 4(a) illustrates the model of a 
different range of vessel diameters. In this simulation, we set the mean vessel diameter as 60 
μm, the vessel density as 250 mm−2, and the diameter range changes from 0 μm to 60 μm. 
Figure 4(b, c) shows the maximum intensity and x- position as a function of diameter range 
while keeping the other parameters constant. As a result, the maximum intensity changes of 
transmitted and reflected light are opposite while the diameter range increases. The 
transmitted intensity increased from 307 to 338, and the reflected intensity decreased from 65 
to 47. The influence of the diameter range is proportional to the quantity of exited intensity. 
The transmission intensity changes only by 8.9%, while the reflection changes by 
approximately 30%. Both x-positions are constant while the diameter range changes, which 
means the maximum position is independent of the diameter range, as shown in Fig. 4(c). 

 

Fig. 5. The characters of transmitted (a, b) and reflected (c, d) lights as a function of incident 
angle. 
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When the skin-like device deforms, the typical parameters, including incident angle, light 
intensity, and size, of the incident light will change. To fully investigate the influence on the 
accuracy of the skin-like device, we simulated the influence of device deformation on the 
transmitted and reflected light. The characteristics of the exited light for different incident 
light beams are shown in Fig. 5. The vertical and oblique incidence angles are 90° and 45°, 
respectively. Figure 5(a) is the distribution of the transmitted light with 88.2° and 45° incident 
angles. The x-position and maximum intensity shifts 0.7 mm and 15, respectively, while the 
incident angle increases from 45° to 88.2°. In general, incident angle changes have little 
influence on the transmitted light, as shown in Fig. 5(b). The distribution of the reflected light 
exists with two extremums, which appear at each side of the incident point. The reflected 
intensity is in nearly axisymmetric distributions of curvature with a 90° incident angle, and 
this axial symmetry is broken when the incident angle decreases, as shown in Fig. 5(c). Figure 
5(d) illustrates the changes of the two extremums with the different incident angles. The 
intensities of the two extremums are equal when the incident angle reaches 90°. The two 
extremums change by 100% while the incident angle changes from 45° to 90°. The x- 
position of the two extremums only changes by 0.4 mm, which means that incident angles 
have little influence on position. 

The size of the light source and intensity are also related to the characteristics of 
transmitted and reflected light. We simulated the x-position and intensity of the maximum 
exited light with different incident light properties, as shown in Fig. 6. The size of the light 
source ranged from 0.1 to 1 mm. Size of light source had little influence on intensity and 
position of the maximum reflected or transmitted light. The incident light intensity from 1e3 
to 2e4 is proportional to the intensity of transmission and reflection. In conclusion, the 
characteristics of the exited light are independent of size of the light source, and the intensity 
is determined by incident light intensity. 

 

Fig. 6. Three-dimensional color map of the characteristics of maximum intensity as a function 
of incident light intensity and size. (a) Position and (b) intensity of the maximum transmitted 
light, (c) position and (d) intensity of the maximum reflection light. 
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4. Design of the skin-like optical device 

 

Fig. 7. (a) Skin-like optical device designed via the simulation results. Inset: zoom-in pictures 
of the skin-like device. (b) PPG signals of red light and infrared light detected by the skin-like 
optical device. (c) PPG signals detected during skin deformation. 

Based on the above simulation analysis, we designed and fabricated a skin-like optical device 
that is capable of measuring PPG signals. Two LEDs and one photodetector were integrated 
on a soft substrate. The distance between the LEDs and photodetector was approximately 5 
mm for optimizing the measuring accuracy near the radial artery. Figure 7(a) shows the skin-
like device mounted on the skin. The device is only 500 μm thick, and it’s conformal to the 
skin. The PPG signals were detected by the skin-like device. Figure 7(b) shows the PPG 
signals without filtering by any low-pass or high-pass filter. The signal processing circuits are 
simplified for the high signal-to-noise ratio. Also, we measured the PPG signals when the 
device is deformed. We stretched the device mounted on the skin and recorded the PPG 
signals simultaneously. The PPG signals are clear enough for the calculation of vital signs 
such as oxygen saturation during the deformation, as shown in Fig. 7(c). 

6. Conclusion 
In summary, the characteristics of the exited light scattered by the human tissue were 
comprehensively investigated for the design of skin-like optical devices. A 2D model with a 
random distribution of blood vessels was created to simulate the human tissue. Different 
parameters of the blood vessels were used to simulate the tissue being deformed by stress 
loading. Also, the structural deformation of the optical device was simulated by changing 
parameters such as input intensity, range, and input angle. The positions and intensity of the 
maximum reflected and transmitted light were analyzed by the repeated simulation of light 
propagation. Useful information was obtained for guiding the design of the skin-like optical 
device, and these simulations show some results different from traditional thought. For 
example, the positions of the maximum reflected and transmitted light are independent of the 
incident angle. Finally, we fabricated a skin-like device based on the simulation results, and 
successfully used it to measure PPG signals. The results open up new recognition of optical 
devices and provide theoretical support for skin-like optical device design. 
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